1. Pre-eclampsia is characterized by reduced plasima active renin concentration and renal prostacyclin production. The aim of this study was to determine whether the plasma active renin concentration could be stimulated in women with pre-eclampsia by intravenous frusemide, which stimulates renin acutely through a prostacyclin-mediated mechanism. 2. Plasma active renin concentration, plasma aldosterone concentration, haematocrit and urinary sodium, creatinine and 6-keto-prostaglandin F,, were measured before (0) and 15, 30 and 60min after intravenous frusemide in 10 non-pregnant women, 10 normal pregnant women and nine women with preeclampsia. Six normal pregnant and six non-pregnant women underwent the same measurements after injection of 2ml of saline to control for effects of time and posture. 3. Baseline plasma active renin concentration (but not plasma aldosterone concentration) was lower in pre-eclamptic women C4.0 (1.7-6.2) pmol of angiotensin I h-' ml-'; median (interquartile range)] than in normal pregnant women C6.7 (5.3-12.2) pmol of angiotensin I h-' ml-' 1 (P< 0.05). Baseline urinary 6-keto-prostaglandin F,,/creatinine ratio, urinary sodium excretion and fractional sodium excretion did not differ between normal pregnant and pre-eclamptic women. 4. After frusemide, plasma active renin concentration rose significantly in non-pregnant ( P = 0.002) and normal pregnant (P= 0.008) women, but not in women with pre-eclampsia. Individual results showed stimulation in all non-pregnant and normal pregnant women but in only six out of nine pre-eclamptic women, significantly fewer than in normal pregnancy (Pc0.05). The overall magnitude of the response of plasma active renin concentration to frusemide was blunted significantly in pre-eclamptic compared with normal pregnant women (P= 0.022). 5. Absolute and fractional sodium excretion and haematocrit rose significantly in all groups and the magnitude of change did not differ among groups for any of these parameters. The urinary ti-ketoprostaglandin F,, lcreatinine ratio increased significantly only in non-pregnant women (P=O.Ol), with variable individual responses in normal and hypertensive pregnant women. 6. This study shows that normal pregnant women exhibit natriuresis and stimulation of plasma renin after frusemide similar to that of non-pregnant women. However, pre-eclamptic women, as a group, have impaired renin stimulation after frusemide but a similar natriuresis to that of normal pregnant women. The mechanisms of these changes are unclear but are consistent with the notion of 'exhausted' renal renin in some women with pre-eclampsia.
1. Pre-eclampsia is characterized by reduced plasima active renin concentration and renal prostacyclin production. The aim of this study was to determine whether the plasma active renin concentration could be stimulated in women with pre-eclampsia by intravenous frusemide, which stimulates renin acutely through a prostacyclin-mediated mechanism. 2. Plasma active renin concentration, plasma aldosterone concentration, haematocrit and urinary sodium, creatinine and 6-keto-prostaglandin F,, were measured before (0) and 15, 30 and 60min after intravenous frusemide in 10 non-pregnant women, 10 normal pregnant women and nine women with preeclampsia. Six normal pregnant and six non-pregnant women underwent the same measurements after injection of 2ml of saline to control for effects of time and posture. 3. Baseline plasma active renin concentration (but not plasma aldosterone concentration) was lower in pre-eclamptic women C4.0 (1.7-6.2) pmol of angiotensin I h-' ml-'; median (interquartile range)] than in normal pregnant women C6.7 (5.3-12. 2) pmol of angiotensin I h-' ml-' 1 (P< 0.05). Baseline urinary 6-keto-prostaglandin F,,/creatinine ratio, urinary sodium excretion and fractional sodium excretion did not differ between normal pregnant and pre-eclamptic women. 4. After frusemide, plasma active renin concentration rose significantly in non-pregnant ( P = 0.002) and normal pregnant (P= 0.008) women, but not in women with pre-eclampsia. Individual results showed stimulation in all non-pregnant and normal pregnant women but in only six out of nine pre-eclamptic women, significantly fewer than in normal pregnancy (Pc0.05). The overall magnitude of the response of plasma active renin concentration to frusemide was blunted significantly in pre-eclamptic compared with normal pregnant women (P= 0.022). 5. Absolute and fractional sodium excretion and haematocrit rose significantly in all groups and the magnitude of change did not differ among groups for any of these parameters. The urinary ti-ketoprostaglandin F,, lcreatinine ratio increased significantly only in non-pregnant women (P=O.Ol), with variable individual responses in normal and hypertensive pregnant women. 6. This study shows that normal pregnant women exhibit natriuresis and stimulation of plasma renin after frusemide similar to that of non-pregnant women. However, pre-eclamptic women, as a group, have impaired renin stimulation after frusemide but a similar natriuresis to that of normal pregnant women. The mechanisms of these changes are unclear but are consistent with the notion of 'exhausted' renal renin in some women with pre-eclampsia.
INTRODUCTION
Pre-eclampsia is a common disorder of pregnancy characterized by hypertension and varying degrees of vasoconstriction, intravascular coagulation and hepatic, renal, cerebral and placental dysfunction [l] . Although the pathophysiology of pre-eclampsia is not fully understood, certain abnormalities have been well defined, including marked changes in the renin-angiotensin-aldosterone system. These include enhanced pressor sensitivity to infused angiotensin I1 (ANG 11) [2] , failure to downregulate platelet ANG I1 receptors [3] and unexplained reductions in plasma renin and aldosterone concentrations [4] . The latter is surprising as pre-eclampsia is a state of plasma volume reduction [5] , which should ordinarily increase plasma renin concentration.
We have found that despite low basal plasma renin activity or concentration, renin is further suppressible by infusion of saline [6] and stimulated to some extent by head-up tilt [7] in pre-eclampsia, although perhaps not to the same degree as in normal pregnant women. Two groups have reported reduced renin granules in kidney biopsy specimens from women with pre-eclampsia [S, 91 and it is possible that at least renal renin has been 'exhausted' in these subjects.
One hypothesis for the genesis of pre-eclampsia is that of prostacyclin deficiency [lo] . Prostacyclin stimulates renin release directly in non-pregnant women [ll] and we have observed parallel reductions in renal prostacyclin excretion and plasma renin concentration in pre-eclampsia 1121. It is therefore possible that reduced renal prostacyclin production in pre-eclampsia results in impaired renal production and/or secretion of renin.
Frusemide is thought to stimulate renin in part via renal prostacyclin production [ 1 11. We therefore chose to determine whether plasma renin could be stimulated by intravenous frusemide in normal pregnant women and in women with pre-eclampsia. The aim of the study was to determine first whether plasma renin was stimulated by this mechanism in normal pregnancy and secondly, whether this form of renin release was blunted in pre-eclamptic women.
MET H 0 DS Subjects
Pre-eclampsia was defined according to the criteria of the Australasian Society for the Study of Hypertension in Pregnancy [ 131 as hypertension [blood pressure > 140mmHg systolic and/or > 90mmHg (phase IV Korotkoff sound)] developing de novo in the second half of pregnancy and disappearing after delivery. The disorder was further classified as mild or severe according to the degree of organ system involvement [ 131. Normal thirdtrimester pregnant women were recruited from an antenatal clinic and obstetricians' private rooms. Non-pregnant women were laboratory, student and midwifery staff, who were not taking the oral contraceptive pill. No subject was taking any medication at the time of study and all subjects gave their written informed consent.
Clinical studies
All subjects took an ad libitum diet. On the morning of the study the women attended a clinical research room where they rested in left lateral recumbency for 1 h, after voiding. After 30min an oral water load (500ml) was given over the next 30min. Blood pressure was measured with a standard mercury sphygmomanometer and diastolic blood pressure was recorded as the fourth Korotkoff sound in the pregnant women. After recording blood pressure and heart rate, blood was then drawn for measurement of plasma sodium, potassium, creatinine, renin and aldosterone concentrations. Urine was collected for measurement of urinary sodium, potassium, creatinine and 6-ketoprostaglandin Flu (6-keto-PGFIm), the stable metabolite of renal prostacyclin, concentrations. Frusemide was then given intravenously as follows: total body weight < 50 kg = 15 mg, 5&80 kg = 20 mg, > 80 kg = 30 mg. Blood and urine were collected 15, 30 and 60min after frusemide for measurement of the above parameters, and blood pressure and heart rate were also recorded at each of these intervals.
Separate groups of 'control' normal pregnant and non-pregnant women underwent identical studies, except that 2ml of intravenous normal saline was given instead of frusemide, to examine the effects of time and posture on the above parameters.
These studies were approved by the Southern Sydney Area Health Service Ethics Committee.
Laboratory methods
Plasma active renin concentration (PRC) was measured as the generation of angiotensin I (ANG I) [7] , and plasma aldosterone concentration by direct immunoassay [7] . The intra-assay coefficients of variation for those assays were 7.1% and S.9%, respectively, and the inter-assay coefficients of variation were 10.6% and 10.3%. Equal numbers of samples from the three groups were analysed in each assay.
Total renin concentration (TRC) was measured after trypsin activation, as described previously [ 141, and inactive renin was measured as TRC minus PRC.
Urinary 6-keto-PGF,, was measured by enzyme immunoassay after extraction of urine, as described previously
[l2]. Mean (SD) recovery of 6-keto-PGF1, during these experiments was 79 (6)%. Intra-and inter-assay coefficients of variation for this assay were 8.1% and 15.7%, respectively.
Plasma and urinary sodium, potassium and creatinine were measured by autoanalyser methods (Abbott Laboratories, Irving, TX, USA.).
Statistics
Data were analysed using repeated measures analysis of variance to test both between-and within-subject differences. The significance of withinsubject changes was examined by the GreenhouseGeisser method, as implemented in the SYSTAT statistical program. In addition, these analyses were tested for polynomial trends after administration of frusemide, with quadratic trends accepted as significant if P < 0.05.
Differences among groups were tested using Kruskal-Wallis one-way analysis of variance and the Mann-Whitney U-test for non-parametric data and Student's t-test for normally distributed data. A Bonferroni correction was used for multiple comparisons of baseline data among groups. Urinary data were expressed as the ratio of electrolyte or metabolite to creatinine to avoid inaccuracies inherent in variable bladder washouts during such studies. Data for renin and aldosterone were reported as median and interquartile range and other data as mean and SD.
RESULTS
Studies were made in 25 third-trimester pregnant women (10 normal subjects and nine pre-eclamptic subjects who received frusemide and six control subjects who received saline) and 16 non-pregnant women (10 who received frusemide and six who received saline). Four of the nine pre-eclamptic women had proteinuria greater than 300 mg/day.
Baseline data ( Table I) Normal pregnant women had significantly lower plasma albumin, uric acid, sodium and creatinine concentrations than non-pregnant women. Blood pressures were similar in these two groups. Preeclamptic women had significantly higher blood pressures, plasma uric acid and creatinine concentrations and lower platelet counts than normal pregnant women.
Plasma renin, inactive renin and aldosterone concentrations and urinary 6-keto-PGFIa/creatinine ratios were significantly higher in normal pregnant than non-pregnant women ( P < 0.001). Plasma renin concentration was reduced significantly in preeclamptic compared with normal pregnant women ( P < 0.05), but plasma aldosterone and inactive renin concentrations and urinary 6-keto-PGF,Jcreatinine ratios were similar.
Baseline urinary sodium/creatinine ratio and fractional sodium excretion did not differ among groups.
Pregnant and non-pregnant control subjects did not differ significantly from those who received frusemide in any baseline parameter.
Renin and aldosterone responses to frusemide
PRC (but not inactive renin concentration) rose significantly after frusemide in non-pregnant ( P = 0.002) and normal pregnant ( P = 0.008) women (Fig. 1) . Renin stimulation was observed in every one of these subjects. Plasma aldosterone rose in both these groups but the trend was significant only in normai pregnant women (P=0.002) and data were scattered widely in pre-eclamptic women Data are medians and interquartile ranges. Statistical significance: *P <0.05, **P <O. OOI versus normal pregnant baseline. Abbreviation: NS, no significant change from baseline within subjects.
( Fig. 2) . There were no significant changes in plasma renin or aldosterone concentrations over 60 min in either non-pregnant or pregnant control subjects who did not receive frusemide ( Table 2) . Plasma renin, inactive renin and aldosterone concentration did not change significantly after frusemide in pre-eclamptic women (Figs. 1 and 2) . The magnitude of the renin response was blunted significantly in pre-eclamptic compared with normal pregnant women ( P = 0.022; repeated measures analysis of variance). However, this reflected a variable response as six of these nine subjects did exhibit renin and/or aldosterone stimulation after frusemide (Fig. 3 ). These response rates to frusemide differed significantly between normal pregnant and preeclamptic women (x2 = 3.958, P < 0.05). There were no particular clinical or laboratory features which distinguished the three 'non-responders' from the six 'responders'. In particular, the non-responders were not those with the lowest urinary sodium responses or the highest plasma creatinine concentrations. All three were nulliparous, as were three of the six responders. One of the three non-responders had significant proteinuria, as did three of the six responders.
The maximum within-subject rise in plasma renin after frusemide was similar in normal pregnant and non-pregnant women but was significantly lower in pre-eclamptic women ( P =0.014) ( Table 3 
Urinary sodium response to frusemide
Absolute (sodium/creatinine ratio) and fractional sodium excretion increased significantly in all groups after frusemide (Figs. 3 and 4 , Table 4 ) but neither changed in control subjects who did not receive frusemide. The maximum within-subject change in absolute sodium excretion was similar among groups (one-way analysis of variance, P = 0.25). Similarly, the maximum change in fractional sodium excretion did not differ significantly among groups (P=0.56) ( Table 3) .
Urinary prostacyclin excretion
The urinary 6-keto-PGF1,/creatinine ratio increased significantly after frusemide only in nonpregnant women (P=O.Ol) (Table 4 ). Again, this was a variable response in pregnant women with an increase being observed after frusemide in five normal pregnant women and in six pre-eclamptic women. Only one of the three pre-eclamptic women who did not exhibit stimulation of urinary 6-keto-PGF1, also failed to show stimulation of renin.
Other parameters
Haematocrit rose significantly in all groups given frusemide ( P <0.05) but not in controls. The maxi- mum rise in haematocrit was similar in all groups ( Table 3) . There were no significant changes within groups in plasma potassium, sodium or creatinine concentrations, blood pressure or heart rate, either after frusemide or in control subjects.
DISCUSSION
This study shows that in response to intravenous frusemide renin is increased in all non-pregnant and normal pregnant women, but in significantly fewer pre-eclamptic than normal pregnant women. In addition, renal prostacyclin production appears to be consistently increased by frusemide only in nonpregnant women. The inclusion of control subjects in both non-pregnant and pregnant groups demonstrated that these changes after frusemide could not be accounted for by time, water-loading or a change from upright to recumbent posture.
Frusemide may stimulate renin via the sympathetic nervous system or renal baroreceptor stimulation secondary to plasma volume reduction, via blocking sodium reabsorption at the macula densa or via intrarenal generation of prostacyclin [15] . Other mechanisms could also be involved, such as decrements in atrial natriuretic peptide (ANP) after volume depletion. As expected, frusemide induced a brisk natriuresis and stimulated renin within 15 min in all non-pregnant women. Similar changes were observed in all normal pregnant women, but although a similar natriuresis was induced in preeclamptic women, renin failed to rise in one-third of this group.
Short-term diuretic use, over a few days to a week, has been associated with increases in plasma renin and aldosterone in normal pregnant women [16] . These changes are similar to those observed in pregnant women after a week of sodium deprivation [17] and result in part from changes in intravascular volume. No study has previously addressed the immediate renin response to frusemide in preeclamptic women.
Interpretation of the mechanisms of renin stimulation in this study are necessarily indirect, but the fact that marked stimulation was apparent within 15 min in most subjects, without changes in blood pressure or heart rate, argues against volume depletion as the major mechanism. Urinary sodium/ creatinine and 6-keto-PGF1,/creatinine ratios were maximum in both normal pregnant and nonpregnant groups at this time, suggesting that blockade of tubular sodium reabsorption and renal prostacyclin release were major factors involved. However, the changes in urinary 6-keto-PGF,, were not significant in normal pregnant women and it is not possible in this study to discriminate these mechanisms any further.
It is clear from these data that renin is stimulated by frusemide in normal pregnant subjects and similar stimulation has been observed with ambulation and head-up tilt in previous studies [7] . Collectively, these data show that, although plasma renin might be elevated in normal pregnancy, perhaps a secondary defence against sodium loss, renin is not stimulated maximally and can be increased further upon physiological demand.
The situation appears to be somewhat different in pre-eclampsia. Plasma renin and aldosterone concentrations are reduced from values for normal pregnancy, the former more often than the latter and PRC being reduced often even in mild cases of pre-eclampsia [ 181. The mechanism(s) for this are unclear, but we have found previously that plasma renin concentration can be increased in preeclamptic women by head-up tilt, implying an intact response to sympathetic nervous system changes and, in the case of head-up tilt, to decreased central blood volume [7] . Further analysis of that study showed that the rise in PRC after head-up tilt was uniform in normal pregnant women, but variable in pre-eclamptic women, with three of the ten women failing to show a significant renin response.
Some groups have observed a negative correlation between plasma ANP and renin concentrations in pre-eclampsia [ 19, 201 , implying that ANP is stimulated despite plasma volume reduction, resulting in a subsequent fall in PRC. No study has evaluated both plasma ANP and PRC longitudinally in women who develop pre-eclampsia in order to test this hypothesis. An alternative explanation for reduced PRC in pre-eclampsia is that the intravascular volume of these women is sensed as 'overfilled', due to venoconstriction, resulting in suppression of renal renin release. This continues to remain an hypothesis and a source of considerable controversy [21] .
We recently found that renal prostacyclin and plasma renin concentration were reduced in parallel in women with pre-eclampsia [ 121. This raised the possibility that reduced PRC in pre-eclampsia might reflect impaired renal prostacyclin synthesis and release, as prostacyclin is thought to stimulate renin release directly in man [I I]. However, in this study the urinary 6-keto-PGF,,/creatinine ratio did not increase significantly after frusemide in either pregnant group and the baseline urinary 6-keto-PGFla/creatinine ratio was not reduced in pre-eclamptic compared with normal pregnant women, perhaps because only spot (and not 24 h) urine samples were compared. Thus, it seems unlikely that failure to stimulate renal prostacyclin could explain the lack of rise in plasma renin as no significant rise in prostacyclin was shown in normal pregnant women, yet renin increased. It is still possible that small changes in juxtaglomerular prostacyclin production might have occurred and that these could influence renin release without necessarily being reflected in urinary 6-keto-PGF1, excretion.
Another possibility for our findings is failure to lower plasma volume after frusemide in preeclamptic women. Reduction in extracellular fluid volume may be a significant stimulus for postdiuretic renin release, as others have shown that the acute rise in plasma renin concentration can be prevented if fluid losses are replaced after loopdiuretic administration [22] . The degree of volume contraction induced by frusemide was small, as judged by changes in haematocrit, but was similar among groups. Therefore, even if volume contraction is the predominant mechanism by which renin is stimulated after frusemide, inadequate volume reduction after frusemide could not explain the failure to stimulate renin in the pre-eclamptic women.
Thus, there were no discernible differences between normal pregnant and pre-eclamptic women in the natriuretic, prostacyclin, plasma volume, heart rate or blood pressure responses to frusemide, yet renin was stimulated significantly only in the normal pregnant women. Although only one-third of pre-eclamptic women failed to stimulate renin, this finding lends support to two prior studies in which diminished renin granules in pre-eclampsia were observed [8, 91, i .e. renal renin may be 'exhausted' in some women with pre-eclampsia and cannot be stimulated upon physiological demand.
In summary, this study shows that normal pregnant women exhibit similar natriuresis and stimulation of plasma renin after frusemide as nonpregnant women, but some women with preeclampsia are unable to stimulate renin after frusemide, as occurs with other stimuli such as head-up tilt. The mechanisms producing these changes are unclear but indirectly support the observation in other studies that renal renin is 'exhausted' in some pre-eclamptic women.
